Deoxyribonucleic acid hybridization (hydroxyapatite method, 55 and 70°C) was used to characterize 38 serovars from 22 named serogroups of Leptospira interrogans and Leptospira bijlexa, 6 serovars from 4 new unnamed serogroups of Leptospira interrogans, and single serovars of the proposed species Leptospira parva and Leptonema illini. Deoxyribonucleic acid relatedness confirmed the validity of Leptospira parva and Leptonema illini. The well-accepted species Leptospira interrogans and Leptospira bijlexa, as currently defined, were extremely heterogeneous. Relatedness results revealed at least five new species among the parasitic serovars formerly included in Leptospira interrogans and two new species among the saprophytic serovars formerly included in Leptospira bijlexa. Serogrouping did not equate with species identification, as serovars from several different subserogroups belonged to different species. The new species named in this paper are Leptospira, noguchii, Leptospira weilii, Leptospira santarosai, Leptospira borgpetersenii, Leptospira meyeri, Leptospira wolbachii, and Leptospira inadai.
Leptospiraceae is a family in the Spirochaetales whose type genus is Leptospira (7, 12, 14). The three Leptospira species are Leptospira interrogans, which contains a large number of serogroups whose strains are parasitic or pathogenic for humans and animals (14); Leptospira bijlexa, which contains a large number of serogroups whose strains are primarily found in fresh surface waters and moist soil and are rarely isolated from humans or animals (14); and Leptospira parva, which was isolated from tap water, is not pathogenic for hamsters, and is biochemically intermediate between L . interrogans and L . bijlexa (13) . Leptonema, with the single species Leptonema illini, was proposed as a second genus in the Leptospiraceae (12). Leptonema illini deoxyribonucleic acid (DNA) has a guanine plus cytosine (G+C) content of 51 to 53 mol% (12), compared with 47.4 mol% for Leptospira parva (13), 36 to 39 mol% for Leptospira bijlexa (14) , and 35 to 41 mol% for Leptospira interrogans (14) . Leptonema possesses cytoplasmic tubules which are absent in Leptospira, and the structure of the basal complex on its flagella resembles that of gram-positive bacteria, whereas this structure in Leptospira resembles that of gram-negative bacteria (12) . Leptonema strains were isolated from the urine of a healthy bull, a turtle, and water. They are not pathogenic for animals and are biochemically similar to Leptospira bijexa except for their ability to grow in Trypticase soy broth (1, 12). In addition to pathogenicity, Leptospira interrogans differs from Leptospira bijlexa by its inability to grow in the presence of 8-azaguanine and its inability to grow at 13°C (14-17). Two biogroups within Leptospira interrogans differ in their ability to grow in the presence of 2,6-diaminopurine (14). Leptospira parva does not grow in the presence of either of the above chemicals and does grow at 13°C (13) . In general, the phenotypic characteristics that reportedly differentiate the leptospires have been based on evaluations of a limited number of strains.
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Similar to salmonellae, the serovars (serotypes) of leptospires are named, and antigenically related serovars are organized into serogroups. Leptospira parva contains a single serovar (13), and Leptonema illini contains two serovars (1, 12) . At least 19 serogroups that contain more than 170 serovars are known for Leptospira interrogans, and 38 serogroups with 65 serovars have been described for the less-studied species Leptospira bijlexa (14).
In previous DNA hybridization studies (2, lo), six DNA relatedness groups were identified from 15 serovars. Among the pathogenic serovars, Leptospira interrogans serovars australis, bataviae, icterohaemorrhagiae, kabura, muenchen, and pomona were in one relatedness group, and serovars javanica, tarassovi, and perhaps celledoni were in a second relatedness group. Among the saprophytic serovars, Leptospira bijlexa serovars andamana, patoc, and saopaulo were in one relatedness group, serovar codice was in a second, serovar ranarum was in a third, and Leptonema illini was in a fourth.
These studies indicated that leptospires contain a great deal of heterogeneity. In this study we determined the DNA relatedness of a much larger sample of leptospires in an attempt to improve the classification of this complex and important group of bacteria.
MATERIALS AND METHODS
Bacterial strains. A total of 45 leptospire serovars from the three previously named species of Leptospira and 1 serovar of Leptonema were studied. These organisms represent 18 named and 4 unnamed serogroups of Leptospira interrogans, 4 serogroups of Leptospira bijlexa, Leptospira parva, and Leptonema illini. Some of the serogroups are subdivided into subserogroups based on antigenic relatedness patterns for convenience in serotyping. Serovars representing these subserogroups were included in the study. Only the reference type strains for the serovars in the study were used (Table 1 ). In the remainder of this paper we refer to leptospires by serovar name only (e.g., smithi instead of Leptospira interrogans serovar smithi) unless specifically noted otherwise. The term leptospires refers to members of the genus Leptospira as well as to Leptonema illini. Strains were maintained in a polysorbate albumin medium (PLM-5; Armour Pharmaceutical Co., Kankakee, Ill.). The identity of each strain was verified by our leptospirosis laboratory (a Food and Agricultural Organization/World Health Organization International Reference Center), using the agglutininabsorption test with specific antisera before DNA extraction (5). Two strains, AGC and 84-011370, were previously unreported isolates from humans in Peru and Panama, respectively; these isolates are members of two new unnamed serovars, representing two new unnamed serogroups of Leptospira interrogans. A description of serovar lyme, including some information included in this report, has been published recently (21) . DNA methods. A11 strains were grown at 30°C in polysorbate albumin medium (23) . Cells were harvested by centrifugation during the late logarithmic or stationary phase of growth. Unlabeled DNA was isolated and purified as previously described (3). DNA was labeled in vitro with 32P (11) . DNA relatedness was determined by the hydroxyapatite method (3), except that, because of the low G+C contents of the DNAs of strains, hybridization reactions were done at an optimal reassociation temperature of 55°C and at a stringent incubation temperature of 70°C. G+ C compositions were determined in triplicate by thermal denaturation (18).
Phenotypic characteristics. The study strains were tested for their ability to grow at incubation temperatures of 11, 30, and 37°C. The lowest incubation temperature of 11°C was used due to technical limitations of the incubation system. Although the ability to grow at 13°C is often cited as a differential characteristic between pathogenic and saprophytic strains, the study on which this criterion is based found that comparable growth occurred at 10°C except for serovar andaman, which had a slower growth response than other saprophytic serovars when the initial inoculum titer was low (15) . Each strain was concurrently tested in duplicate at each incubation temperature, using polysorbate albumin medium. Growth was measured by visual inspection for turbidity on days 0, 7, 14, 21, and 28. Viability of strains without apparent growth was measured by subculture into polysorbate albumin medium on the same days. The cultures that were incubated at the optimal growth temperature of 30°C were considered internal controls.
Growth responses to 8-azaguanine (225 pg/ml) and 2,6-diaminopurine (10 pg/ml) were tested by using essentially the method of Johnson et al. (15, 17) . Each strain was tested in duplicate at an incubation temperature of 30"C, using polysorbate albumin medium. Growth was measured by visual inspection for turbidity on days 0, 7, 14, 21, and 28. Viability of strains without apparent growth was measured by subculture into polysorbate albumin medium without the respective purine analog on the same days. In addition, concurrent control cultures without an added purine analog were incubated and evaluated for growth in the same manner.
Growth response to copper sulfate was tested by the method of Fuzi and Csoka (8) . Each strain was tested in duplicate at an incubation temperature of 30°C by using polysorbate albumin medium containing varying concentrations of copper sulfate (0, 25,50, 100, 1,000, and 10,000 ppm [0, 25, 50, 100, 1,000, and 10,000 pglml]). Growth was measured by visual inspection for turbidity on days 0, 7, 14, 21, and 28. Viability of strains without apparent growth was measured by subculture into polysorbate albumin medium without added copper sulfate on the same days.
The lipase (trioleinase) activity of the strains was determined by the method of Johnson and Harris (15) .
RESULTS

DNA results.
A total of 46 serovars representing 18 of the 19 recognized pathogenic serogroups, 4 of the 38 nonpathogenic serogroups, and 6 other serogroups (4 previously unreported pathogenic serogroups, Leptospira parva, and Leptonema illini) were tested for DNA relatedness. The pathogenic strains formed six DNA relatedness groups (Table 2). The icterohaemorrhagiae relatedness group contained 18 serovars from Leptospira serogroups Icterohaemorrhagiae (subserogroups Icterohaemorrhagiae and Smithi), Australis (subserogroups Australis and Jalna), Autumnalis (subserogroup Autumnalis), Bataviae, Canicola (subserogroups Canicola and Schueffneri), Djasiman, Grippotyphosa, Hebdomadis (subserogroup Hebdomadis), Pomona, Pyrogenes (subserogroups Pyrogenes and Zanoni), and Sejroe (subserogroups Saxkoebing and Wolffi) and strain AGC of new serogroup 2. panama was the reference serovar for a relatedness group that included serogroups Autumnalis (subserogroup Fortbragg), Panama, and Pyrogenes (subserogroup Louisiana) and strain 84-011370 of new serogroup 3. celledoni was the reference serovar for a relatedness group with serovars from serogroups Celledoni and Icterohaemorrhagiae (subserogroup Sarmin). The shermani relatedness group contained serovars from serogroups Shermani , Hebdomadis (subserogroup Borincana), and Tarassovi (subserogroups Atlantae, Bakeri, and Navet) and the three serovars (bananal, peru, and wawain) of new serogroup 1. The javanica relatedness group contained serovars from serogroups Javanica, Ballum, Hebdomadis (subserogroup Mini), Sejroe (subserogroup Sejroe), and Tarassovi (subserogroup Tarassovi). Serovar cynopteri (serogroup Cynopteri) was the only serovar in its relatedness group, as was serovar lyme (new serogroup 4).
Of the five nonpathogenic Leptospira serovars, andaman (serogroup Andamana) and patoc (serogroup Semaranga) were in one DNA relatedness group; ranarum (serogroup Ranarum) and semaranga (serogroup Semaranga) were in a second relatedness group; and codice (serogroup Codice) was in a third relatedness group ( Table 2 ). The single serovars representing the species Leptospira parva and Leptonema illini were in relatedness groups separate from each other and from all of the DNA relatedness groups listed above (Table 2) . Leptospira parva was 0 to 3% related to other leptospires, and Leptonema illini was 0 to 14% related to other leptospires. The three relatedness groups containing nonpathogenic serovars were 0 to 49% interrelated and were 1 to 35% related to the relatedness groups containing pathogenic serovars ( Table 2) .
The average levels of relatedness for pathogenic serovars from any one relatedness group were 84 to 99% in 55°C reactions and 74 to 96% in 70°C reactions ( Table 3 ). The level of divergence in related sequences was 0.5 to 2.5%. Between groups of pathogenic serovars, with the exception of Leptospira inadai serovar lyme, the average levels of relatedness ranged from 26 to 75% in 55°C reactions and from 7 to 56% in 70°C reactions, with a level of divergence of 5.0 to 15.5% in related sequences (Table 3) .
G+C determinations were done for the DNA from the type strain of each species (Table 4) . The pathogenic type strains, from Leptospira interrogans, the four newly designated species formerly included in Leptospira interrogans, and Leptospira interrogans serovar cynopteri, had G +C values of 35.2 mol to 40.7 mol%. The nonpathogenic type strains, from Leptospira bijlexa and the two newly designated species formerly included in Leptospira b@exa, had G+C values of 33.5 mol to 38.8 mol%. The G+C contents of Leptospira parva and Leptonema illini were 53.1 and 54.2 mol%, respectively, and the G+C content of Leptospira inadai (serovar lyme) was 42.6 mol%.
Phenotypic characteristics. Varying numbers of serovars belonging to all of the DNA relatedness groups showed limited growth up to 21 days of incubation at 11°C; however, none of the serovars showed growth at 28 days. Despite the lack of growth, all serovars remained viable throughout the incubation period at this temperature. Only the serovars of Leptospira inadai, Leptospira bijlexa, Leptospira meyeri, Leptospira parva, and Leptonema illini grew at 37°C for 28 days (Table 5 ). All other serovars died at this temperature before 28 days. All serovars grew at 30°C.
With the exception of andaman, all of the saprophytic serovars grew in the presence of 8-azaguanine (Table 5 ). The growth of all of the pathogenic strains except Leptospira inadai serovar lyme was inhibited by 8-azaguanine. With the exception of Leptospira bijlexa serovar andaman, Leptonema illini, and Leptospira parva, the saprophytic serovars grew in the presence of 2,6-diaminopurine. Of the 39 pathogenic serovars, 15 also grew in the presence of this purine analog. Lipase activity was observed in 20 of the 39 pathogenic serovars and all 7 saprophytic serovars. Lipase activity and the ability to grow in the presence of 2,6-diaminopurine tended to be inversely related. Of 27 lipase-positive serovars, only 6 grew in the presence of 2,6-diaminopurine, whereas 13 of 19 lipase-negative serovars did grow in media containing this purine analog. A similar relationship was not observed with 8-azaguanine, another purine analog. Four of the seven saprophytic serovars but only one pathogenic serovar (Leptospira inadai serovar lyrne) were able to grow in media containing 100 ppm of copper sulfate (Table 5 ). All serovars grew in media Containing 1,000 and 10,000 ppm of copper sulfate.
DISCUSSION
We have defined a species as a group of serovars whose DNAs are 70% or more related at an optimal reassociation temperature (55°C in this study) and are 55% or more related at a stringent reassociation temperature at which only closely related sequences can hybridize (70°C in this study) and in which related DNAs contain 6% or fewer unpaired bases (divergence) (3). Exceptions to one of these three parameters are sometimes encountered, but rarely does a serovar not conform to at least two parameters, including percent divergence. In this study the DNA hybridization groups exemplified by Leptospira interrogans serovar icterohaemorrhagiae and Leptospira noguchii serovar panama were 70 to 75% interrelated in 55°C reactions; however, the level of relatedness fell to 44 to 45% in 70°C reactions, and the level of divergence was 6.5 to 9.0%. In contrast, the members of the Leptospiru interrogans relatedness group were 99% related at 55°C and 96% related at 70°C and showed 0.5% divergence; and the members of the Leptospira noguchii relatedness group were 84% related at 55°C a '*P04-labeled DNAs were reacted with unlabeled DNAs from the same strain (homologous reaction) and from a series of other leptospires. Each reaction was done at least twice. The level of reassociation in homologous reactions ranged from 31 to 82% (average, 57%) before normalization. Control reactions in which labeled DNA was incubated in the absence of udlabeled DNA showed 0 to 40% (average, 1.1%) binding to hydroxyapatite. These control values were subtracted before normalization. ' Calculations of percent divergence (D) assumed that a 1% decrease in the thermal stability of a heterologous DNA duplex compared with that of the homologous duplex was caused by 1% of the bases within the duplex that were unpaired. Final values were rounded to the nearest 0.5%. and 74% related at 70°C and showed 2.5% divergence. The data clearly indicate that these relatedness groups represent separate species.
Serovar cynopteri was 65% or less related to labeled DNAs from other leptospires. Labeled cynopteri DNA was 90% related to icterohaemorrhagiae and panama in 55°C reactions (data not shown), with 6 to 7.5% divergence, but showed only 37 to 46% relatedness in 70°C reactions. Because these differences are small, additional leptospire strains will have to be examined in order to determine whether cynopteri represents a new species.
Previous DNA relatedness studies of leptospires were done by Haapala et al. in 1969 (10) and by Brendle et al. in 1974 (2) . Twelve of the serovars used in our study were used in one or both of the previous studies. For 11 of these serovars the results were in total agreement. Haapala et al. placed Leptospira weilii serovar celledoni in the same group with Leptospira borgpetersenii serovars javanica and taras- Relatedness and divergence data were taken from Table 2 and are presented as arithmetic means obtained from the total number of serovars tested. The results of homologous control reactions (100% by definition) were not included in the calculations. Relatedness groups are referred to by the name of the serovar that was labeled or, if not labeled, by the only serovar in the group (serovars cynopteri and illini).
See Table 2 , footnote 6 . See Table 2 , footnote c . Includes reactions, in which both icterohaemorrhagiae and copenhageni were used.
sovi. Serovar javanica was more than 95% related to tarassovi, with 0.2% divergence, and was 78% related to celledoni, with 6.4% divergence. In our study, Leptospira borgpetersenii serovars javanica and tarassovi were 88% related, with 2.5% divergence; Leptospira weilii serovars celledoni and javanica were 68 and 53% related, with 7.0 and 8.5% divergence, respectively, in reciprocal reactions. Therefore, there is really no disagreement between our data and those of Haapala et al.
The G+C contents of type serovars which we found ( Table 4) are generally in agreement with those of previous studies (2,10,12,13) . Two exceptions are Leptospira bifexa serovar patoc, whose G+C content (36.0 mol%) is 3 mol% less than the value previously reported, and Leptospira meyeri serovar ranarum, whose G + C content is 7.7 mol% lower than the value previously reported. In the previous report, however, the G+C contents were determined by the buoyant density method and not by thermal denaturation.
Until recently, essentially all pathogenic serovars were placed in Leptospira interrogans, and saprophytic (usually nonpathogenic) serovars were placed in Leptospira bifexa. Hovind-Hougen et al. proposed Leptospira parva as a third Leptospira species (13), and Hovind-Hougen also proposed a second genus, Leptonema, with a single species, Leptonema illini (12). These species have not yet gained general acceptance (14). Our data support the validity of both species; Leptospira parva was 0 to 3% related to other leptospires, and Leptonema illini was 0 to 14% related to other leptospires.
TABLE 4. G+C contents of leptospires
Leptospira interrogans is the type species of Leptospira. serovar icterohaemorrhagiae are Leptospira interrogans serovars (Tables 1 and 2 ). Although cynopteri may represent a separate species, it is retained in Leptospira interrogans pending further study. All pathogenic serovars not tested in this study also must remain in the species Leptospira interrogans pending further study. About one-halfof the serovars tested from serogroups (or subserogroups) formerly included in the species Leptospira interrogans were not in the Leptospira interrogans DNA relatedness group. We placed these serovars in the following five new species: Leptospira borgpetersenii, Leptospira inadai, Leptospira noguchii, Leptospira santarosai, and Leptospira weilii (Tables 1 and 2 ) (see species descriptions below). The type serovars for the proposed species are the serovars whose DNAs were selected in a dropout fashion for reference comparison.
Five saprophytic serovars, all previously classified in the species Leptospira bifexa, formed three DNA relatedness groups. The type strain, Leptospira bifexa serovar patoc strain Patoc I (= ATCC 23582), and serovar andaman remain in the species Leptospira bifexa. All serovars from saprophytic serogroups not tested in this study also remain in the species Leptospira bgexa pending further study. The four saprophytic serovars that were not related to Leptospira bifexa at the species level were placed in two new species , Lep tospira m ey eri and Leptospira wol bac h ii (Tables 1 and 2) (see species descriptions below).
The phenotypic characteristics of the species will need further definition. Even under the classification scheme extant at the present time (14) , such definition is needed. Characteristics proposed as differentiating features between Leptospira spp. are few and have been based on reactions of a limited number of Leptospira strains. Studies of these characteristics will be more meaningful when DNA relatedness studies have been completed on a larger proportion of the defined serovars. Such studies should include, to the extent feasible, multiple strains of each serovar. At this time, overinterpretation of these data should be avoided. Previously, leptospires were classified by morphology, a few biochemical reactions, pathogenicity, and serology. Pathogenicity and serology, although important, have proved to be generally poor criteria on which to place great weight for taxonomic purposes in many genera, including Salmonella, Clostridium, Klebsiella, Yersinia, and Vibrio. In the case of the Leptospira, our study has shown that the pathogenic strains are contained in at least six separate species. Similarly, saprophytic strains from only 4 of the 38 recognized serogroups were in three separate species. Serological classification also did not correlate well with species identification. Among the saprophytic serovars, serovars semaranga and patoc are both in serogroup Semaranga, but are in different species (Leptospira meyeri and Leptospira bifiexa, respectively). Among pathogenic serovars, serovars that belong to different subserogroups (5) in serogroups Autumnalis, Hebdomadis, Icterohaemorrhagiae, Pyrogenes, Sejroe, and Tarassovi are in different species.
This study provides a significant advance in the classification of the Leptospiraceae. We have confirmed the existence of and partially determined the boundaries of the four previously described species and have proposed (see below) seven new species on the basis of DNA relatedness. A possible 12th species, represented by serovar cynopteri, requires additional study. Further work is necessary to determine the proper classification of serovars that were not tested, especially among the saprophytic strains. This information will form a rational framework on which to base studies of the phenotypic characteristics of the Leptospiru species.
Taxonomic proposals. Nomenclatural proposals are given below for seven new species that conform to the definition of the family Leptospiraceae and to the definition of the genus Leptospiru. The cells are gram negative, flexible, and helical. These organisms are motile by means of two flagella (axial fibriles). They are obligately aerobic and oxidase positive. Most do not grow in Trypticase soy broth and do not require NaCl for growth. However, some saprophytic serovars isolated from seawater are halophilic. The DNA relatedness relationships of the serovars are shown in Table  2 . Other characteristics of the seven new species are given below and in the tables and text.
Leptospira noguchii sp. nov. Leptospira noguchii (no. gu' chi.i. N.L. gen. n. noguchii to honor Hideyo Noguchi, the Japanese microbiologist who named the genus Leptospira) does not grow at 11 or 37"C, and its growth is inhibited by 8-azaguanine (225 pg/ml), 2,6-diaminopurine (10 pg/ml), and copper sulfate (100 ppm). Lipase is usually produced. It contains serovars from serogroups Panama, Autumnalis (subserogroup Fortbragg), and Pyrogenes (subserogroup Louisiana) and from a new unnamed serogroup represented by strain 84-011370. The type strain, strain CZ 214 (= ATCC 43288), is a member of serogroup Panama and serovar panama and was isolated by N. B. Gale et al. from the kidney of an opossum (Didelphis marsupialis) trapped in Panama (9) ; it has a G+C content of 36.5 k 1.2 mol%.
Leptospira weilii sp. nov. Leptospira weiiii (weil' i. i. N.L. gen. n. weilii to honor Adolph Weil, the German physician who was among the first to clinically differentiate leptospirosis [Weil's disease] from other types of infectious jaundice) does not grow at 11 or 37"C, and its growth is inhibited by 8-azaguanine (225 pg/ml), 2,6-diaminopurine (10 pg/ml), and copper sulfate (100 ppm). Lipase is not produced. It contains serovars from serogroups Celledoni and Icterohaemorrhagiae (subserogroup Sarmin). The type strain, strain Celledoni (= ATCC 43285), is a member of serogroup Celledoni and serovar celledoni and was isolated from the blood of a patient in North Queensland, Australia, by D. J. W. Smith et al. (22) ; it has a G + C content of 40.5 * 0.7 mol%. Leptospira santarosai sp. nov. Leptospira santarosai (san. ta. ros' ai. N.L. gen. n. santarosai to honor Carlos A. Santa Rosa, the Brazilian veterinary microbiologist who was a pioneer in the study of leptospirosis as a human and animal health problem in Brazil) does not grow at 11 or 37°C. Its growth is inhibited by copper sulfate (100 ppm) and 8-azaguanine (225 pg/ml), but growth is usually not inhibited by 2,6-diaminopurine (10 pg/ml). Lipase is not produced. It contains serovars from serogroups Shermani, He bdomadis (subserogroup Borincana) , and Tarassovi (subserogroups Atlantae, Bakeri, and Navet) and serovars bananal, peru, and wawain from a new unnamed serogroup. The type
